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Time-reversal symmetry

e Laws of physics have an intrinsic, microscopic t — —t
symmetry if they are
+ invariant under reversal of motion (v — —v, exchange of in
and out states),

4+ balanced in detail: P(a+b — c+d) = P(c+d — a+Db).

e Itis not about the arrow of time
+ T asymmetry of a macroscopic state
+ nature of thermodynamics
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Scenarios of time-reversal violation

e A permanent electric dipole moment (EDM)
of a particle (with a spin) violates T-reversal

symmetry (as well as parity). No evidence
has been observed yet.

e Difference in time-reversed processes:

P(i)—|f)) vs. P(|f)—i))

+ Ve — Vv, VS. VvV, — Ve : stable system, but needs
future facility with a long baseline.

+ |i) — |decay product) vs. |decay product) — |i) :

unstable system, often very difficult to prepare
the initial state of time-reversed process.

e Assume CPT invariance, observing CP
asymmetry indicates T violation.

4+ (CPviolation is established in neutral kaon and
bottom mesons.
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T violation in meson decays

e Can we search for T violation in known CP-violating processes?

+ Search in decay
_ - ~ 750 :— K_7T+
BO_)K+R-—’ R'] CPT K n*t _>§O,R1 5005
CP 7| - <> - -
B° > K n* R, K*n~ - B, R, 250 [
) Unable to perform the T test: ~ 0 P L e

* Preparation of the mitial state. Mye (GeV/e?) - [Nature 452, 332 ]

* The strong processes will swamp the feeble weak processes.

+ Search in mixing V.,
A G , PLB444 (1998), 43

p° _ d; q; _ p° 5;{0.04 - |
s CPT TN oo CEMP +

KO—>KO KO‘—)RO
B : B? - B°

BO—>BO

(Pi \

p— —— _OOZ EI|IIIIIIIIIII|IIIIIII|||IIII!|II![III

K° - K° K° - K© 2 4 6 8 10 12 14 16 18 20

BO_,BO BO—)BO Neutral—kaon decay time [7¢]
R(K’_,—»etnmv,_ )—R(K\_,—»e nwtvy,__
{ (_; — )~ A - — )>=(6.6i1.3statil.osyst)X10_3
R(Kt o€ vt_T)-I-R(Kt g€ Vt=7)
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CP in mixing/decay interference

e Y(4S) decays to a pair of B mesons in a coherent L=1, antisymmetry
quantum state. ; >— 1/v2[B°(t,)B(¢,) — BO(t)B(t,)]

e Once one B decays to a basis state, the other collapses to the

orthogonal state. So the first decay “tags” the initial state of the
second decay.

flavor final state
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BY ~ 0.56 (BABAR) Bf;gogcgc;f;te Reco. B CP final state min %ﬁ_
: AfCP
«— Az = BycAt—

BO
(Az) ~ 250 um decay Afp > Jer
PhysRevD.79.072009 AT T

P | @ BABAR  (a) 1 b f zs} b L7

% 400 B tags 7 4 s \ﬁuj
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> _ "B tags
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g A Iy [(B” = fep)(t) # T'(B” — fep)(t)
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Take advantage of entangled quantum state

e The basis can be projected by CP states as well

i >= 1/vV2[B°(¢,)B°(t;) — B°(t1)B°(t,)]
= 1/V2[B,(t;)B_(t;) — B_(t1)B,(t,)]

: 5 ™
+ B meson can start in B or B- state at t=0. 4,{(1\

.‘8 4’.'
N g YV

e (P tag, full reconstruction
b %\L;:i g o ;\/\:/L% S . J/ng
e %<i B_|_ : J/@DKS

e Flavor tag, inclusive reconstruction; extract features to determine b-quark

content. /-
|B°%) = [bd) |B°) = |bd)
A 0~
. B KT K~
B b C) S K etc. etc.
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T reversal

B _.I'K' [ _a  p
Y(4S) e |
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T reversal

6 * ’
At=t,—t, >0
T mirror t, o L Ar=t,—t
. At=t,—t, <0
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T-reversal processes

e Define processes of interest and their T-transformed counterparts:

Reference (X,Y) T-Transformed

BY - B, (,J/WYKY) B, — B (J/WK2 (")
B — B_ (E J/YKY) B — BY (J/YK?, +)
B By (¢, J/wK0) By — B (JjpKSe)
B - B_ (¢, JWK? B_—BY (J/YKY ()

(X,Y) is the reconstructed final states (tag, reco.)

In total we can build: B_ — BO B° — B, B, — BY B° - B_
e 4 independent T comparisons € == CPT+==»
e 4 independent CP comparisons *k‘ )t
e 4 independent CPT comparisons T s
R . o
At o CP . A
JIOK, ‘. J /K
A 3
NV 'y A
T implies .compal'“ison of: B s BO B - B, By — B°/ BY - B_
1) Opposite At sign _
2) Different reco states (wKsv. wKr) 14

3) Opposite flavor states (B° v. B°)
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BABAR detector at PEP-II

Calorimeter
6580 Csl(TI) crystals

et (3.1 GeV)

1.5 T solenoid
(superconducting)

Cherenkov
Detector

144 quartz bacs
11,000 PMTs

R iy, -
{ em— Silicon Vertex

Tracker
5 double-sided
layers

Drift Chamber
40 layers

NIM A479, 1 (2002) |

Instrumented Flux Return
18-19 layers
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Dataset

25 :
o~ h )
a2f 1 e 2>X 2*mB
2 Ly
i ]
asi Pl
1T 10 ¢ s
U .
L o5 g R Y ]
b + by iy LR m_,,._q".;ﬂ""u._i__;_. ]
LYAs)  Yes)  YGS) Y(4S)
044 046 10.00 10.02 10.34 10.37 10.54 10.5%8 10.62
Mass (GeV/ic)

Y (4S)

Reconstructed modes

______ Category | Decay(s) . . . .
= ek BY = JK?Q
= BY — (28K
E E BY — XclKg
53 ¢k BY = Jp K
20 ) cCIK iy
- Bav ‘BY = "D*r(p,a1) |
(high statistics) | BY — J/i K*Y
Control sample | BT — JhWy K™
ccK*, JWwK** | Bt - ¢(28)K*
Bt — Jhp K*t
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18/fb
BaBar Recorded Luminosity: 531.43/b
BaBar Recorded Y(4s): 432.89/1b
BaBar Recorded Y(3s): 30.23/1b
BaBar Recorded Y(2s): 14.45/1b
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Signal selection

e (P final states are fully reconstructed, and selected using

*

+ Beam-energy substituted mass mEes = /B o — 1057
where E* — E* pp ~= 300 MeV /¢

beam
» Beam energy spread determines resolution ~ 3 MeV.
+ Energy difference AE = E} — E}

beam

» Resolution 10-50 MeV, depending on final-state neutrals.

+ K energy cannot be fully reconstructed; B candidate is constrained
at B mass and use AE as the discriminator.

e Continuum u,d,s,c backgrounds are suppressed using angular
distributions and event shape variables

>
N qq ] et e
e e —_ «——
/ \

e Flavor tagging is inclusive: g Signal ¥ Other

+ For each fully reconstructed Bcp, search for features from the other
B such as high momentum leptons, kaons, soft-pion from D*, etc.
These features are fed into a neural net to determine the B flavor.
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Event samples

[
-
-
-

a) \
2000~ 0 |
- B— YK,
- B—=>y(QSK,
- By K

Events / 2 MeV

Events / 2 MeV/c?
=

[

-

-

S
|

52 522 524 526 528 0 20 40 60

mgq (GeV/c?) AE (MeV)

7796 events, purity 87%-96% (5.27-5.29 GeV) 5813 events, purity 56% (<10 MeV)

(depending on mode)
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Signal model

e PDF for the 8 signal processes

giﬁ('r) x e LIl {1 -+ Si;’fﬂ sin(Amgt) + Ciﬁ COS(Ade)}
a € {B°, B’}; pBe{K?, K} T ==+At >0

e Fit model is the signal PDF combined

convolved with a resolution function

Ha,B(At) X g(—;ﬁ(Attrue)H(Attrue) @ R(5t7 UAt) ‘I—

with a step function H in At and J +£ \

g;aﬁ(_Attrue)H(_Attrue) ) R(5t, O-At)
e The signal model has 8 different sets of & J\ H: j\

(S, C) parameters
(At > 0,At < 0) x (B°, BY) x (J/Y K2, J/YK?)

e The canonical CP violation study* has

one set of (S, C) parameters.
*e.g., PRD 79 (2009) 072009
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Fit parameters AS* and AC:

reference processes/parameters

BY — B
0 0
T/ YK J /KO
15 Chih-hsiang Cheng
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Results

expectation from

Parameter Result canonical CP

S+ x,czk0 0.55 £ 0.08  0.06 +sin2p

Reference parameters S X cox 3 —0.66%0.06=0.04 —sin2f
ShIp— 0.11 £ 0.06 + 0.05 0
Clt X e —0.05 + 0.06 + 0.03 o

AST =S,y pKO T S;rx,cng —1.374+0.14 £+ 0.06 —_osin2p

ASp =S« o ~ Sprp— 1.17 £0.18 £ 0.11 +osin2p
r ACT =Cly yyuxo — Clixoro | 0-10£0.16+0.08 o
ACT =Cy juxo — Clix oo | 0:04£0.16+0.08 o

ASEe = S x o, ~ Strx,cexo | 130£0.10£0.07 _osin2f

op ASce = S,- x o) ~ St x,eoxc) 1.33 £ 0.12 £ 0.06 rosin2p
ACG = Oy ot = O x corcty 0.07 £ 0.09 £ 0.03 o
ACcp = O x oy — Crt x oo 0.08 +0.10 + 0.04 o
ASCer = Spix yjpr0 ~ St x ey | 0-16 £0.20 +0.09 0
CPT AScer = Spix syt ~ St x,eexcy | 003+ 0.13+0.06 0
ACE, = Cor x,0/wKd ~ CZ:FX,cEKg 0.15 4 0.17 4 0.07 o
ACcpr = Clix yypxo ~ Cotx oro | 0:0340.14 4+0.08 o

sin2B= 0.679+0.020 (HFAG winter'12)
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Independent T asymmetries

b) B_|_ — BO BABAR

T

Points: data; red (blue) curves: projections of fits with (without) T violation
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Interpretation of 7 violation result

—1.37£0.14 £ 0.0
1.17 £0.18 £0.11
0.10 =0.16 == 0.08
0.04 =0.16 £ 0.08

=+
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1
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’
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AC

AS:
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CPT

AC

0.5

CP and CPT results

—1.30 £ 0.10 £ 0.07
1.33 £ 0.12 £ 0.06
0.07 = 0.10 £ 0.03
0.08 = 0.09 £ 0.04

BABAR
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AC,

0.5

CP violating parameters

BABAR

NN N
[N N
\\\\\
\\\\\
\\\\\\
\\\\\\
\\\\\\

~

0.16 = 0.20 = 0.09
—0.03 = 0.13 £ 0.06

0.15£0.17 £ 0.07
0.03 £0.14 £0.08

(0,0) = no violation
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Conclusion

e BABAR has measured T-violating parameters in
neutral B meson decays by comparing conjugate

processes that can only be achieved by T reversal, not
CP.

+ The first time this kind of process is utilized to
demonstrate T violation.

e This novel approach does not need CPT invariance to

link T with CP.

e T violation is observed at >10 o level.
e (CP and CPT violations are also tested.

e Result is consistent with measurements of CP
violation assuming CPT invariance.
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Back up
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Systematics (for ASt

)

Systematic source AS;

misID flavour

At resolution function

Outlier’s scale factor

Mg parameters

AE parameters

K; systematics

Differences between B¢pand By,
Background effects

Uncertainty on fit bias from MC
Detector and vertexing effects.
AT' # 0 effects

External physics parameters
Normalization effects

Total Systematics
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0.019
0.02
0.012
0.012
0.017
0.03
0.02

0.03

0.010
0.011
0.004
0.005
0.012
0.06

0.019
0.05
-0.013
0.0018
0.017
0.03
0.02
0.04
0.08
0.04
0.003
0.006
0.009
0.11
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Significance of T violation

e Standard fit yields a likelihood value of the
fit to S, C using the 8 independent samples.

e Repeat the fit, applying constraints to the

T-inv. constraints

parameters for T-conjugate processes ﬁSi: AC%; 0
e Difference in likelihood values yields the 25?’ _ :g‘i‘“’r
significance of T violation. o orr
Axy? = =2 (In LnoTrV — In L)
Av = 8 degrees of freedom
e CP and CPT significance can be determined _oAInL Signif

the same way with proper constraints.

e Systematic uncertainties are included by
calculating 2AInL (=m?;) varying each
parameter by +1 Osyst. and reduce the CPT 5 0.330
overall statistical —2AInL by 1+max(m?3;).

T 226 > 100

CP 307 > 100
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